INTRODUCTION
Motor neurone disease (MND) is an adult-onset neurodegenerative disorder characterized by progressive degeneration of the upper motor neurones in the motor cortex and lower motor neurones in the spinal cord and brainstem. Although the majority of cases are sporadic, 5-10% are familial, with an autosomal dominant mode of inheritance. Sporadic and familial cases are, however, clinically indistinguishable, suggesting similar underlying pathophysiological mechanisms of neurodegeneration. Over 90 mutations have been identified throughout the five exons encoding the Cu/Zn superoxide dismutase (SOD) gene (SOD1), and these account for 15-20% of familial cases (1) . The mechanism(s) by which mutant SOD1 causes selective motor neurone cell death has still not been clearly identified. However, a body of evidence indicates that the detrimental effect results from a toxic gain of function rather than a loss of normal SOD activity. Transgenic mice expressing mutant human SOD1, as well as the endogenous murine SOD1, develop a progressive motor neurone degeneration phenotype (2, 3) , whereas SOD1 knockout mice do not (4) . Measurements of activity of the mutant Cu/Zn SOD proteins show that some retain full SOD activity (5) , and no correlation between activity level and progression or duration of the disease has been identified (6) . Key hypotheses for the toxic gain of function include aberrant free-radical handling/metabolism resulting in increased production of hydroxyl radicals (7) , and/or toxic *To whom correspondence should be addressed. Tel: þ44 1142712473; Fax: þ44 1142261201; Email: jkirby@hgmp.mrc.ac.uk derivatives of peroxynitrite (8) , metal toxicity (9) and abnormal protein aggregation (10, 11) .
A potentially important way of identifying the mechanisms of motor neurone injury would be to identify cell-specific changes in gene expression occurring in the presence of the mutant Cu/ Zn SOD protein. To increase our understanding of the molecular mechanisms of SOD1-mediated neurodegeneration, we investigated changes in gene expression induced by mutant Cu/Zn SOD protein in a cell culture model of familial MND.
NSC34 cells are a hybrid mouse motor neurone/neuroblastoma cell line that retains the ability to proliferate whilst exhibiting many motor neurone characteristics without the addition of inducing agents. These characteristics include extension of neurites, generation of action potentials, expression of neurofilament proteins and choline acetyltransferase, synthesis and storage of acetylcholine, and induction of twitching in co-cultured muscle cells (12) (13) (14) . These provide an ideal cellular model to investigate mechanisms of neurodegeneration associated with mutant Cu/Zn SOD specifically in cells with a motor neurone phenotype, without the dilution effect created by astrocytes, microglia, and other cell types found in the brain and spinal cord. The use of this immortilized cell line for such studies has been verified by increasing evidence corroborating findings from these cells with those in the SOD1 transgenic mice models and human MND cases. Studies investigating mitochondrial dysfunction in the presence of mutant G93A SOD1 in the NSC34 (15) cells showed abnormally swollen mitochondria similar to those seen in the G93A SOD1 transgenic mice, whilst structural changes in the mitochondria of human post-mortem central nervous system tissue have also been reported (16, 17) . These morphological changes were accompanied by decreases in the activities of complex II and IV of the mitochondrial electron transport chain (15) ; decreases in complex IV have been described previously in human spinal cord neurones (18, 19) . Evidence of an apoptotic element to the motor neurone cell death seen in MND (20) is also found in the cellular model. Annexin V binding, an early indicator of the apoptotic pathway, and activation of caspase 9 were identified in cells expressing the mutant Cu/Zn SOD cultured under basal conditions (21) . Following oxidative stress induced by serum withdrawal, activation of the downsteam caspase 3 was significantly increased in the presence of the mutant Cu/Zn SOD. Most recently, the levels of neurofilament light mRNA and protein were found to be decreased in the NSC34 cells containing a G37R and G93A mutant Cu/Zn SOD. This finding was reproduced both in the G93A SOD1 transgenic mice and in familial SOD1-associated MND cases (22) .
In this study, NSC34 cells were transfected with vector, normal human SOD1 or one of three mutant human SOD1 cDNAs (encoding the following amino acid substitutions: G37R, G93A and I113T). As well as reflecting mutations associated with a usual progression of MND, the use of G93A Cu/Zn SOD would allow data to be compared with the G93A SOD1 transgenic mouse colony, whilst the I113T Cu/Zn SOD results could be compared with human pathological tissue carrying the I113T SOD1 mutation in the Sheffield Brain Tissue Bank. Gene expression was investigated in these cells both under basal culture conditions, to analyse the response of the cells to the presence of the mutant protein, and following oxidative stress, induced by serum withdrawal. Previous work has shown that NSC34 cells produce increased levels of both nitric oxide and superoxide immediately upon serum withdrawal (23) .
The use of cDNA array analysis to investigate changes in gene expression has been widely used in cancer research (24) (25) (26) , and more recently in neurological disorders, such as Parkinson's disease, Huntington's disease and Alzheimer's disease (27) (28) (29) . This technique enables the expression levels of a large number of genes to be determined in a single hybridization experiment, using cDNA probes derived from an RNA sample of interest. These expression levels can then be compared with other RNA samples following normalization. cDNA array analysis has identified patterns of gene expression that distinguish between subgroups of disease not previously identified, such as two distinct groups within the clinically heterogeneous population of patients with diffuse large B-cell lymphoma (25) , as well as identifying potential targets for therapy (30, 31) .
We used commercially available cDNA membrane arrays, spotted with 588 genes from key biological pathways, to obtain expression profiles from each cell line under basal conditions and following oxidative stress. By identifying the alterations in gene expression patterns induced by the presence of SOD1 mutations, we aimed to identify molecular pathways leading to motor neurone injury in familial MND.
RESULTS
Expression of human Cu/Zn SOD in the NSC34 single-cell clones
To confirm protein expression from the human SOD1 cDNAs in the single-cell clones, western blotting was carried out using an anti-human Cu/Zn SOD antibody, which also crossreacts with murine Cu/Zn SOD. As shown in Figure 1 , those cells transfected with human SOD1-either normal (pCN) or mutant (pC37, pC93A, pC113)-are clearly expressing the human Cu/ Zn SOD protein. The lower band identified in all cell lines is the endogenous mouse Cu/Zn SOD. The levels of expression are 20-60% of the endogenous murine Cu/Zn SOD. This is similar to the physiological situation found in humans, as compared with the SOD1 transgenic mice, where overexpression of human Cu/Zn SOD is much higher than endogenous murine Cu/Zn SOD (32).
PCR of mRNA using genomic DNA primers Total RNA was DNase-treated, and the mRNA was then extracted using an oligo dT column (NucleoTrap mRNA Purification Kit, BD Clontech). However, to check that the mRNA used for the array analysis did not contain any contaminating genomic DNA, PCR containing 1 ml of mRNA and primers designed to amplify exon 4 of SOD1 (33) was carried out. No amplification of genomic DNA was obtained from any of the mRNA samples (data not shown).
Identification of differentially expressed genes under basal conditions
Under basal conditions, the expression of G37R, G93A and I113T mutant Cu/Zn SOD had no effect on the viability of the cells, although growth rates were observed to be slower than in cells transfected with vector only or normal SOD1. To identify changes in gene expression, the Atlas cDNA array membranes were hybridized with cDNA derived from the two control cell lines [vector only (pCEP4) and normal SOD1 (pCN)] and three mutant SOD1 cell lines (pC37, pC93A and pC113, encoding the G37R, G93A and I113T mutations). Following normalization of the hybridization levels with the housekeeping genes GAPDH and b-actin, pairwise comparisons were conducted using the AtlasImage software (BD Clontech). An example of a pairwise comparison between pCN and pC93A under basal conditions is shown in Figure 2 . A three-way pairwise comparison for each mutant-expressing cell line was then compiled (e.g. pCEP4 versus pCN; pCEP4 versus pC93A; pCN versus pC93A), and genes that gave a consistent 2-fold difference or more between the three comparisons were identified. This approach was employed to reduce the number of false-positive results and ensure consistent and robust results.
Pairwise analysis of filters hybridized with pCEP4-, pCNand pC93A-transfected cells identified 134 differentially expressed genes, of which 35 were downregulated in the presence of the Cu/Zn SOD G93A mutant (Table 1) . No genes were identified as upregulated. Two other mutant SOD1-expressing cell lines (pC113 and pC37) were used for cDNA array analysis, to identify common patterns of gene expression in the presence of different SOD1 mutations. The expression profiles from NSC34 cells transfected with pC113 and pC37 under basal conditions identified 146 and 80 differentially expressed genes respectively (Table 1) . Cells transfected with pC113 SOD1 showed 49 genes differentially expressed in the presence of the mutant protein, 24 upregulated and 25 downregulated. Cells transfected with pC37 SOD1 showed 31 genes differentially expressed in the presence of the mutant protein, only 1 upregulated and 30 downregulated.
Data were combined from the three mutant SOD1-expressing cell lines, the rationale being that changes consistent between the three sets of data would more likely reflect changes due to the presence of mutant protein. This methodology identified 29 genes that were consistently differentially expressed (Table 2) . Seven genes were consistently downregulated in the presence of the mutant Cu/Zn SOD protein. These covered a wide range of pathways, from cytoskeletal components such as kinesin family member 3B (KIF3B) to transcription factors such as neuronal-specific helix-loop-helix protein, NEX1, and the antiapoptotic Bcl2-associated athanogene 1, Bag1. In addition, 14 genes showed decreased expression in cells transfected with either mutant or normal SOD1. These genes are primarily transcription factors, cell surface antigens and cell adhesion proteins ( Table 2 ). Eight genes were also increased in the presence of normal Cu/Zn SOD only; half of these were involved in DNA synthesis, repair and recombination.
Identification of genes differentially expressed following oxidative stress NSC34 cells transfected with mutant SOD1 cDNAs show a decrease in cell viability following serum withdrawal, compared with those transfected with vector only, whilst cells transfected with normal SOD1 are less sensitive to this form of oxidative stress, demonstrating a protective effect of normal Cu/Zn SOD (15) . We therefore investigated changes in gene expression, which occur following oxidative stress, induced by serum withdrawal for 24 hours.
Initially, pairwise comparisons were carried out between each of the cell lines (pCEP4, pCN and pC93A) at basal conditions (þserum) and following serum withdrawal (Àserum), and genes that showed a change of 2-fold or more were identified. The expression profiles of these genes in pCEP4, pCN and pC93A under basal conditions (þserum) and following serum withdrawal (Àserum) were then compared to give a nine-way analysis ( Table 3) . As previously, the 2-fold difference had to be consistent between the analyses. This rationale allowed the expression levels of those differentially expressed genes to be compared under basal and serum withdrawal conditions across all the cell lines. This is important, since previous studies (15, 21) have found that certain changes that occur in the mutant SOD1 cells under basal conditions occur in the control cells (pCEP and pCN) following serum withdrawal.
Nine-way analysis of pCEP4, pCN and pC93A identified 26 genes that were differentially expressed following serum withdrawal. The analyses were then repeated using array data from the cells transfected with pC113 SOD1 under basal conditions and following oxidative stress. This identified 23 differentially expressed genes. Compiling these results, 12 genes were found to be consistently differentially expressed following serum withdrawal, and they cover a wide range of pathways (Table 4) . Surprisingly, only one gene was identified that was consistently decreased by at least 2-fold in all four cell lines following serum withdrawal, namely the c-Src protooncogene. No genes were found to be specifically up-or downregulated by at least 2-fold in the presence of the mutant Cu/Zn SOD protein. However, a number of genes that had shown a change in expression whilst under basal conditions also showed changes following serum withdrawal. For example, Bag1 expression, which was decreased in the presence of mutant Cu/Zn SOD under basal conditions, showed a decrease in the vector-only and normal SOD1-transfected cells following serum withdrawal.
Confirmation of differential expression
Of the 29 genes that were consistently differentially expressed in the presence of the three mutant Cu/Zn SOD proteins, confirmation of expression was carried out for those genes that showed a decrease specifically in the presence of mutant protein.
These were thought to be of greatest interest with regard to the potential mechanisms of SOD1-mediated neurodegeneration.
KIF3B. KIF3B is a component of the ubiquitously expressed KIF3 (kinesin II) molecular motor protein (34) . KIF3B forms a heterodimer with KIF3A, which then associates with kinesin superfamily associated protein 3 (KAP3). Quantitative PCR using SYBR green, a fluorescent dye that binds doublestranded DNA, confirmed the differential expression of KIF3B. The three cell lines carrying the mutant SOD1 expressed KIF3B at a significantly lower level than in the cells transfected with either vector or normal SOD1 (P < 0.05) (Fig. 3A) . Expression of KIF3B in pC93A, however, was higher than in the other two mutants. Neither KIF3A nor KAP3 are represented on the cDNA array.
c-Fes. c-Fes or Fps/Fes is a non-receptor protein tyrosine kinase that is expressed predominantly in myeloid, endothelial, epithelial and neuronal cells (35) . It is expressed in the adult brain, in Purkinje cells and neuronal cells in the molecular layer of the cerebellum. Quantitative PCR using SYBR green confirmed the differential expression of c-Fes. All three mutants expressed c-Fes at significantly lower levels than in either of the control cell lines (P < 0.01) (Fig. 3B ).
ICAM1. Intracellular adhesion molecule 1 is a ligand for lymphocyte function-associated antigens, which is constitutively expressed by haematopoetic cells, vascular endothelium, fibroblasts and some epithelial cells (36) . Amplification of ICAM1 using SYBR green with the primers designed produced the correctly sized product when template was present, but formed primer dimers in the absence of ICAM1. Therefore, a Taqman probe for ICAM1 was used to quantify the level of gene expression, since this provides greater specificity. The level of fluorescence detected reflects the amount of amplified PCR product, rather than the presence of double-stranded DNA. Consequently, a Taqman probe was designed to b-actin as well to serve as the control. Quantitative PCR showed a decrease of ICAM1 expression in cells transfected with normal SOD1, compared with those transfected with vector only (P < 0.001). This decrease had been identified during the cDNA three-way analyses. More importantly, there was a further significant decrease in the expression of ICAM1 in all three mutant transfected cell lines (P < 0.01), with no expression detectable in two of the three mutant transfections (Fig. 3C ). This correlates with an absence of hybridization signal from the cDNA array membranes.
Bag1. The Bcl2-associated athanogene 1 (Bag1) interacts with Bcl2 to enhance its anti-apoptotic activity (37) and also interacts with the Hsp70 family of molecular chaperones (38) . Quantitative RT-PCR of Bag1 using SYBR green confirmed a decrease in expression in the pC37 and pC113 mutant SOD1-containing cell lines (P < 0.05) (Fig. 3D) . However, the decrease of Bag1 in cells expressing the pC93A mutant SOD1 could not be confirmed statistically (P > 0.05).
MADR2. The Drosophila mothers against decapentaplegic (MAD)-related gene 2, also known as SMAD2, acts downstream in both transforming growth factor b (TGF-b) and activin signalling pathways (39, 40) . The cDNA array analysis identified a decrease in MADR2 expression in all the cells expressing mutant Cu/Zn SOD. However, quantitative RT-PCR from at least six experiments did not confirm this finding (Fig. 3E ).
GCM1. Glial cells missing 1 (GCM1) is a homologue of a Drosophila protein that is involved in cell fate during neurogenesis/gliogenesis (41, 42) . However, the mammalian homologue is specifically expressed in placenta, and is involved in the formation of the labyrinth (43, 44) . Using the primers designed with SYBR green, numerous non-specific bands, in addition to what appeared to be the correctly sized fragment, were amplified, resulting in false levels of GCM1 expression. We therefore, again, used Taqman probes to increase the specificity of the quantitative PCR. However, during optimization of the experiment, no fluorescence was observed following 50 cycles of PCR. This suggests that none of the products previously amplified were specific to GCM1.
NEX1. NEX1 is a neuronal-specific intronless gene containing a basic helix-loop-helix motif that is thought to play a role in glial/neuronal cell fate (45) , similar to that of GCM in Drosophila. Primers designed to the cDNA of NEX1 were not able to amplify any product from the original cell lines using standard PCR conditions, following 50 cycles. Primers for NEX1, which were originally used to amplify the cDNA spotted onto the membrane, were obtained from BD Clontech. Although the correctly sized product was amplified from the mouse cerebellum control, no amplification was seen in the cell lines, following 50 cycles of PCR.
DISCUSSION
This study represents the first cDNA array analysis of the effects of mutant SOD1 on gene expression in a cell culture model of familial MND. One of the advantages of this model is that changes that occur in cells with a motor neuronal phenotype can be studied without interference from genes expressed by astrocytes, microglia and other cells in the central nervous system. Although astrocytes may be involved in the pathogenesis of MND, through astrogliosis and dysfunction of astrocytic control of glutamate neurotransmission, it has been demonstrated in glial cell lines that the presence of mutant Cu/ Zn SOD does not increase the toxicity of oxidative stress (46) . This is in contrast to the evidence from expression of mutant Cu/Zn SOD in neuronal cell lines (47, 48) . Therefore, since the (49) . It is possible that specific changes in transcriptosome might reflect these particular pathophysiological features. Combining the data following cDNA array analysis, 29 genes were found to be differentially expressed in our cell lines, of which 7 were downregulated in the specifically presence of a mutant Cu/Zn SOD protein (carrying the amino acid substitutions G37R, G93A and I113T). Quantitative PCR confirmed the decrease in expression of KIF3B, c-Fes and ICAM1 in all three mutants, and the decrease in expression of Bag1 in two of the three mutant SOD1-expressing cell lines.
KIF3B. This is a kinesin-like protein, which forms a heterodimer with KIF3A, and associates with KAP3 to form the KIF3 (kinesin II) plus-end directed molecular motor (34) . It is involved in fast anterograde transport of membranous vesicles of 90-160 nm, carrying constituents required for neurite sprouting (50) . A decrease in this protein may therefore affect the transport of vital constituents to the axonal terminal of the neurone. Both KIF3B and KAP3 have been shown to associate with fodrin, a cytoskeletal component that forms a It is suggested that fodrin may also mediate between the KIF3 motor and the cargoes, with specificity for KIF3 (51) . How molecular motors recognise their cargoes is still under investigation, although it has been suggested that small G proteins (GTPases) may be involved both in the association of the motors with the cargoes and in the activation of the motors (51) . Rab proteins are members of the superfamily of monomeric GTPases, and Rab6 protein shows interaction with a kinesin-like protein termed Rabkinesin-6 (52). Rab proteins may therefore provide binding sites for motor proteins on the surface of organelles.
GTPases act as molecular switches; GDP-bound forms of GTPase are inactive in the cytoplasm. Guanine nucleotide exchange factors (GEFs) associate with the inactive GTPases to accelerate the disassociation of GDP and binding of GTP to activate the GTPase. The gene that causes ALS2, an autosomal recessive form of MND, encodes a putative GTPase regulator, with homology to several GEFs (53, 54) . Therefore, abnormalities in fast axonal transport are implicated in ALS2, and in our SOD1 model of MND.
Other abnormalities in fast axonal transport have been reported in models of MND. In G86R-SOD1 transgenic mice, using subtractive hybridization, an increased expression of KAP3 was identified in spinal motor neurones during the asymptomatic stage of the disease (55) . RT-PCR of KIF3A and KIF3B, however, showed no changes in gene expression in the G86R-SOD1 mice, compared with wild type. It is possible that the alteration in KIF3B is specific to motor neurones, and that extraction of RNA from whole spinal cord homogenates in these mice may have masked the presence of cell-specific alterations in gene expression. Since KIF3A and KAP3 are not on the cDNA array, we cannot comment on what effect the decrease in KIF3B may have on the expression of these interacting molecules.
Since KIF3B is involved in carrying constituents for neurite outgrowth, a decrease in expression could perhaps be associated with a change in the cellular morphology. However, a neuronal-specific protein, KIF3C, is also able to form a complex with KIF3A and KAP3 (56) , and this may well be compensating for the decrease in KIF3B expression, such that no gross morphological change is observed. c-Fes. This is a non-receptor protein tyrosine kinase that is expressed predominantly in myeloid endothelial, epithelial and neuronal cells (35) . Although described as a proto-oncogene because of its homology to a feline retrovirus gene, no association with human cancer or any other disease has been described. Potential biological roles for c-Fes include cell signalling from several different cytokine receptors (57, 58) , regulation of Ras or other related G proteins (59) , and angiogenesis (60) . A role has also been suggested in relation to intracellular vesicle transport, following localization of c-Fes to the trans-Golgi network, and observations of punctate staining in the cytoplasm and neurite outgrowths (35) . More recently, use of a c-Fes-GFP fusion protein confirmed the perinuclear localization suggestive of the Golgi apparatus, and also indicated expression of c-Fes in apparent cytoplasmic vesicles (61) . These vesicles also contained several Rab proteins, which are known markers for both excytosing (Rab1A and Rab3A), and endocytosing (Rab5B and Rab7) pathways. These monomeric GTPases regulate intracellular vesicle trafficking from the Golgi to the plasma membrane (62) .
Therefore, there is a potential link between c-Fes and KIF3B, through vesicle trafficking; c-Fes co-localizes with Rab proteins, which are thought to be involved in the identification of molecular motors to their cargoes and/or activation of the molecular motors. Other evidence to support a role for GTPases and vesicle trafficking in MND includes the recently identified ALS2 gene. This encodes a novel GEF, a putative regulator of an as-yet unidentified GTPase (53, 54) . In addition, a newly identified GTPase has been identified as the gene responsible for SPG3A, an autosomal dominant form of the motor system degenerative disease hereditary spastic paraparesis (63) .
ICAM1. This is a heavily glycosylated protein (76-114 mkDa) composed of five extracellular Ig-like domains, a transmembrane spanning region and a cytoplasmic tail (36) . It is a ligand for LFA-1, Mac1 and rhinovirus, and it participates in cellular interactions by binding to its ligands via different domains. ICAM1 was found to be downregulated in the presence of transfected human Cu/Zn SOD, although more significantly decreased in the presence of the mutant Cu/Zn SOD proteins. ICAM1 is constitutively expressed at low levels, but is upregulated by cytokines such as TNF-a (64), lipopolysaccharide (36) and oxidative stress (65) . Studies investigating the levels of ICAM1 following treatment of melanoma cells with oxidative stress induced by paraquat, a generator of superoxide radicals (66) showed that ICAM1 activity was increased, in a concentration-dependent manner. The effect of Cu/Zn SOD on ICAM1 expression was investigated, since SOD activity also increased following paraquat treatment. By inhibiting Cu/Zn SOD with DTIC, the increase in ICAM1 expression was magnified. However, the addition of a SOD mimetic (MnTMPyP) inhibited the increase in ICAM1 expression. Therefore, it was suggested that the level of SOD1 expression plays a role in the modulation of ICAM1 expression and moderates its upregulation. The overexpression of Cu/Zn SOD in the cellular model employed in this study is 20-60% of endogenous, and the mutant Cu/Zn SOD retains significant levels of superoxide dismutase activity [G37R was 100%; G93A was not determined, but G93C was 65% and I113T was 60% (5)]. Therefore, the changes in ICAM1 expression may be partially related to the activity of Cu/Zn SOD produced by transfection of the human genes.
In apparent contrast to our findings, a recent study demonstrated increased ICAM1 expression correlating with disease progression in G93A-SOD1 transgenic mice (67) . However, immunohistochemistry localized the expression to microglia. Since the NSC34 cells have a motor neurone phenotype, expression of genes from cells such as microglia and astrocytes is not detected in this cellular model. This demonstrates that motor neurone-specific gene expression can be masked by the heterogeneous population of cells residing in the brain and spinal cord.
Bag1. This is the Bcl2-associating athanogene ('athano' meaning anti-death) that enhances the pro-apoptotic activity of Bcl2, and also interacts with the Hsp70 family of molecular chaperones (37, 38) . There are two isoforms present in mouse, Bag1 and Bag1L, which are transcribed from a single mRNA and differ in the length of the N terminus (68). The upstream sequence contains a nuclear localization signal, and subcellular fractionation demonstrates that Bag1L is in the nuclear fraction whilst Bag1 is in the cytosol. Expression levels of Bag1 are reduced in olfactory neuronal cells undergoing apoptosis (69) . The decrease in Bag1 expression in our cellular model would support the case for the involvement of an apoptotic cell death pathway in the SOD1-mediated neurodegeneration seen in MND (20) . Of the downstream activators of cell death, caspases 1, 3, 7 and 11 were on the array. Although activation of caspase 3 has been demonstrated in this model (20) , no change in gene expression was detected. This could be due to the fact that these enzymes are synthesized as procaspases, and that activation occurs primarily through protein cleavage rather than increased gene expression, or that any changes in gene expression were below 2-fold.
Confirmation of differential expression by quantitative RT-PCR was only obtained in two of the mutant-expressing cell lines: pC37-and pC113-transfected cells. Looking at the hybridization signals, little or no hybridization was seen on the arrays from these two cell lines. However, the fold differences for pC93-expressing cells compared with the two control cell lines only showed just over a 2-fold difference. This compares with the other genes, c-Fes, KIF3B and ICAM1, which showed fold changes of between 3 and 9. Other studies using the Clontech arrays have also experienced difficulty in confirming differential expression from identified level changes of between 2-and 3-fold (70) . In addition, the use of b-actin alone for normalization of the Taqman experiments compared with the use of both b-actin and GAPDH for the array experiments may also contribute to this discrepancy.
What is not determined from the array analysis is whether there is an increase in a particular isoform of Bag1-either the cytosolic form, which interacts with Bcl2 and HSP70 molecular chaperones, or the Bag1L isoform, which is localized to the nucleus and stimulates transcription (71) . Bag1 has a ubiquitin-like domain in the N terminus that associates with the 26S proteasome, linking the Hsc70 and Hsp70 molecular chaperones involved in protein folding, translocation and degradation to the proteasome (72) . An abnormality in protein degradation may play a role in the aggregation of proteins. Aggregations of several proteins, (75) . Interestingly, Bag1 expression was decreased in the two control cell lines (pCEP4 and pCN) following serum withdrawal. Comparative analysis of the array data suggests that Bag1 was decreased to levels similar to those found in the mutant SOD1-transfected cells under basal conditions. This suggests that the cells containing mutant Cu/Zn SOD are responding to an intracellular stress, and in the control cell lines, withdrawal of serum is required to obtain a corresponding intrinsic stress reaction.
MADR2. This is a member of the MAD-related family required for serine/threonine kinase receptor signalling, and acts downstream in both TGF-b and activin signalling pathways (39, 40) . Signalling occurs by TGF-b or activin forming a complex with two serine/threonine receptor kinases. Type II receptors phosphorylate type I receptors, which in turn associate with and phosphorylate MADR2. MADR2 then translocates to the nucleus, where it associates with DNA-binding proteins and activates gene transcription (39) . Although we identified a decrease in all three mutant Cu/Zn SOD-containing cell lines by cDNA array analysis, with no expression in pC93A and pC113 SOD1-transfected cells, we were not able to confirm this alteration by quantitative PCR.
TGF-b is prominently expressed in large neurones, such as those in the hippocampus and spinal cord, and is an important regulator of neuronal differentiation and neurite outgrowth (76) . Although MADR2 phosphorylation is stimulated by TGF-b, no TGF-b expression was detected in the cell lines, as determined by hybridization to the cDNA array. Activin, however, was not included on the array, so no comment on a correlation between MADR2 expression and its upstream activators can be made.
GCM1. This is the mammalian homologue of the GCM Drosophila protein (41, 42) . Increased expression of GCM in Drosophila causes an increased number of glia and fewer neurones to develop, whereas loss of GCM expression leads to a decrease in glia and increase neurones, but no overall decrease in cell number (77, 78) . Although mammalian GCM1 shows high sequence conservation to GCM, and is able to rescue Drosophila GCM-null mutants, in mammals it is expressed specifically in the placenta (43) . GCM1 is essential for the branching of the labyrinth, where exchange between maternal and fetal blood supplies occurs (44) .
The GCM1 hybridization signals are clearly seen on the arrays from those cells transfected with vector-only or normal SOD1 cDNA, and are absent from those expressing a mutant Cu/Zn SOD. However, this differential expression could not be confirmed by quantitative PCR; no specific amplification products were obtained from the cell lines. This scenario has been found previously, using both the cDNA membrane arrays (79) and microarrays (80) , and emphasizes that validation of the data is crucial.
NEX1. This is a neuronal-specific gene containing a basic helix-loop-helix motif (45) . It is expressed in differentiating neurones and glia during development, and continues to be expressed in the mouse adult brain with highest levels in the cerebellum. Similar to GCM in Drosophila, it is thought to play a role in glial/neuronal cell fate, since overexpression of NEX1 blocks neurogenesis in embryonic neural cells (81) . However, the role that it plays during adulthood is, as yet, unknown. A human homologue for NEX1, NeuroD6 (GenBank accession no. NM_022728, NCBI), has been identified, but little is known about the function of this gene.
Hybridization signals are clearly present on the arrays in both the pCEP4 and pCN SOD1-transfected cell lines, with no signal detected in the pC37 SOD1 and pC113 SOD1 cell lines. There was a low expression level detected in the pC93A SOD1 cell line. However, no expression from these original cDNAs can be detected by quantitative PCR following 50 cycles. As mentioned previously, this has been found before (67, 68) , and suggests that there is cross-hybridization between the cDNA sequence attached to the array and another, closely related, cDNA that is transcribed in the cell lines.
Others genes differentially expressed under basal conditions
Although our primary interest is in genes differentially regulated in the presence of mutant Cu/Zn SOD, other genes also showed changes in expression in our cellular models. Genes that were increased in the presence of normal Cu/Zn SOD included several DNA-synthesis, -repair and -recombination genes. Genes that showed a decrease in expression in the presence of Cu/Zn SOD protein, whether normal or mutant, included plasma glutathione peroxidase precursor (GSHPX-P), which catalyses the reduction of hydrogen peroxide, working downstream of superoxide dismutase. However, these decreases may also be in response to the presence of 'a protein' , rather than specifically to Cu/Zn SOD.
It is perhaps surprising that the consistent gene expression changes were decreased in the presence of a mutant Cu/Zn SOD, and no genes were found to be consistently increased. This could perhaps be due to some changes occuring posttranslationally, such as the cascade pathways involved in apoptosis, in which the caspases are synthesized as procaspases and are then cleaved to become active. In addition, the balance between activators and inhibitors could be altered within a 2-fold increase in gene expression. Further, owing to experimental constraints with several genes being overexposed on the arrays, these were not able to be compared quantitatively between filters, and were excluded from the analysis.
Genes differentially expressed following oxidative stress NSC34 cells transfected with mutant SOD1 constructs show a decrease in cell viability over increasing time periods of serum withdrawal, compared with those transfected with vector only (15) . The cells transfected with normal SOD1 are less sensitive to serum withdrawal, demonstrating a protective effect of normal Cu/Zn SOD. Fetal calf serum is thought to contain neurotrophic factors and antioxidant enzymes in addition to salts and sugars. Serum withdrawal from the NSC34 cells results in the immediate release of the free-radical species nitric oxide and superoxide, as measured by a bioelectrode (23) , indicating that the cells are under oxidative stress.
Therefore, we investigated the effects of the mutant Cu/Zn SOD proteins upon gene expression following serum withdrawal. Twelve genes were found to be consistently differentially expressed following nine-way analyses with the two mutant SOD1-transfected cell lines (pC93A and pC113) compared with the two control cell lines (pCEP4 and pCN). Only one gene, the c-Src proto-oncogene, was found to be consistently decreased in all four cell lines following serum withdrawal. Although this could suggest that the majority of gene expression changes following serum withdrawal (which would be detectable on this array) are less than a 2-fold change in expression level, the low number may also be explained by the highly stringent selection criteria imposed during the analysis. No genes were found to be specifically increased or decreased in the presence of mutant Cu/ Zn SOD following serum withdrawal. However, keratinocyte growth factor (FGF-7) was decreased in all cells transfected with SOD1, whether normal or mutant.
cDNA array analysis was first applied to the study of MND in 2001, when human lumbar spinal cord (containing multiple cell types) from MND and control cases was applied to highdensity gene discovery arrays, membrane arrays containing 18 400 non-redundant EST cDNAs (82) . Significant differential expression was found for 14 genes, 13 of which increased in MND cases, and 1 decreased. None of these genes correlates with those identified in our neuronal culture model. However, these specific genes were not included on the mouse cDNA array employed in this study. In addition, one of the genes elevated was glial fibrillary acid protein, a marker of astrocytic activation, and as such is not likely to be expressed in a neuronal-specific cell line. Other genes identified included anti-oxidants (thioredoxin) and neuroinflammatory factors (interleukin-1 receptor accessory protein).
A comprehensive analysis of gene expression changes in the G93A-SOD1 transgenic mouse was reported by Olsen and colleagues (83) . Transcript profiles from spinal cord of G93A-SOD1 transgenic mice and their littermates were compared at 30, 60, 90 and 120 days using the Affymetrix murine 6500 oligonucleotide microarray. An additional comparison at 120 days with spinal cord of normal SOD1 transgenic mice was also performed. Prior to disease onset at 30 and 60 days, there were few significant changes in gene expression between the G93A-SOD1 transgenic mice and their littermates. However, at 90 and 120 days, gene expression changes in the G93A-SOD1 transgenic mice became significant, and changes in expression levels of 24 genes were reported. Four cDNAs were also on the cDNA array used for this study, although three of these are involved in astrocytic activation, and these changes in expression would not be expected in a neuronal cell line. Expression of vimentin and LFA-1 was not detected in any of the cell lines, whilst a-integrin was expressed but no significant differences were identified. The fourth gene, the transferrin receptor, was increased at 120 days in the G93A-SOD1 transgenic mice, but low or undetectable in the littermates and normal SOD1 transgenic mice. This gene was not expressed in any of the transfected NSC34 cell lines.
A further report analysing gene expression changes in the G93A-SOD1 transgenic mice, compared with their littermates, used both the mouse Atlas array 1.2 (Clontech) containing 1176 genes on the membrane and the mouse Atlas Glass microarray containing 1081 genes (84) . Lumbar spinal cords were obtained at 7, 11, 14 and 17 weeks ($49, 77, 98 and 117 days). At 17 weeks, 30 genes were increased and 7 decreased at least 3-fold, compared with littermates. Four of the genes increased were also identified by Olsen and colleagues (83) .
Sixteen of the genes altered were also included on the cDNA array used here. Of these, expression of 13 could not detected in the NSC34 cell lines, including vimentin, a marker of astrocytic activation. Cathepsin D was increased 3-fold at 17 weeks in the mice, but was decreased in the NSC34 cells transfected with normal SOD1 and pC93A mutant SOD1. This protein, however, is also found to be upregulated during astrocytic activation (85) , and therefore this increase would not have been detected in our neuronal cell line. The serine protease inhibitor 2-4 was expressed 3-fold higher in G93A-SOD1 transgenic mice of 17 weeks, but only 1.4-fold higher at 11 weeks. No significant difference in expression of the serine protease inhibitor 2-4 was detected in the transfected NSC34 cells, and this may reflect an age difference between the motor neurones in the cell lines and the transgenic mice models. The remaining gene, gastrulation brain homeobox 2 (gbx2), which was also increased 3-fold at 17 weeks in the G93A-SOD1 transgenic mice, was found to be decreased in the NSC34 cells transfected with normal SOD1 and pC93A mutant SOD1, compared with the vector-onlytransfected cells. This again may be an age-related phenomenon.
Of interest, KIF3C was increased in the G93A-SOD1 transgenic mice at both 11 and 17 weeks. This is the kinesinrelated motor protein, which is expressed primarily in brain and neurones, and is able to interact with both KIF3A and KAP3 in the place of KIF3B (56, 86) . KIF3C is most closely related to KIF3B, and its expression in the brain is similar to that of KIF3A and KIF3B. KIF3B expression is decreased in our neuronal cell line in the presence of mutant SOD1, and this leads to the possibility of the increase in KIF3C as a compensatory mechanism. The expression levels of KIF3C in the NSC34 cell lines will be investigated to determine if this is indeed the case.
This study has identified some of the genes that may be involved in triggering the neurodegenerative process in familial MND. Further studies are underway in this laboratory to investigate the expression levels of these genes in motor neurones from human MND cases. This will identify whether changes in the expression of genes in the cell model of familial MND are relevant to the human disease, and whether changes are specific to SOD1-related MND or present more generally in other forms of motor neurone degeneration.
MATERIALS AND METHODS

Cell culture
NSC34 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum (FCS) as described previously (87) . The pCEP4 expression vectors containing normal or mutant SOD1 cDNAs were generated as described by Durham et al. (11) . The NSC34 cells were transfected with vector only (pCEP4), normal human SOD1 cDNA (pCN) or one of four mutant SOD1 cDNAs encoding the G37R, G93A and I113T amino acid substitutions (pC37, pC93A and pC113), according to the method previously reported (15) . From these parental cell lines, single-cell clones were selected by limiting dilution. Single-cell clones were grown until they were confluent, and then either received fresh media with FCS or without FCS for 24 h, after which time they were harvested for RNA extraction.
Western blotting for human Cu/Zn SOD Protein extracts were harvested from confluent cells under basal conditions as described previously (87) . Ten milligrams of protein was loaded on 14% gels and run for 1 h at 20 W/gel. The proteins were then electroblotted on to Immobilon-P membrane and the membranes were blocked in TBS/Tween (20 mM TrisHCl, pH 7.6, 137 mM NaCl and 0.1% Tween-20) with 5% dried skimmed milk for 1 h. Anti-human Cu/Zn SOD primary antibody was used at 1 in 2500 (The Binding Site, UK). The secondary antibody, anti-sheep, was used at 1 in 1000 (Sigma). Antigen detection was carried out using enhanced chemiluminescence (ECL) (Amersham), according to the manufacturer's instructions.
RNA extraction
Cells were harvested, washed in PBS and resuspended in denaturing solution (BD Clontech). Total RNA was extracted using the Atlas Pure Total RNA Isolation Kit according to the manufacturer's instructions (BD Clontech) and quantified spectrophotometrically. Total RNA was DNase-treated prior to mRNA isolation using the NucleoTrap mRNA Purification Protocol (BD Clontech).
PCR of mRNA using genomic DNA primers
To ensure that there was no contaminating genomic DNA in the mRNA extract, 1 ml of mRNA from each sample was used in a PCR containing SOD1 genomic primers that amplify exon 4 (33); 12.5 pmol of each primer and Reddy Load PCR Mix (ABGene) to a total volume of 25 ml were used. Amplification parameters were as described previously (33) .
Probe preparation and cDNA array hybridization One microgram of mRNA was reverse-transcribed using genespecific coding sequence (CDS) primers, according to the Atlas cDNA Expression Arrays User Manual. One exception was the use of [a 32 P]dCTP (NEN), which required a 10Â mix of 5 mM each of dATP, dGTP and dTTP (Boehringer Mannheim). The probe was purified by column chromatography using Nucleotrap-200 DEPC-H 2 O columns (BD Clontech). The membrane arrays were pre-hybridized for 30 min in hybridization solution, whilst the probe was denatured. Hybridization to the Atlas Mouse cDNA Expression Array I (BD Clontech) took place over 17 h at 68 C. The membranes were washed in 2Â SSC/0.1%SDS at 68 C, three times for 30 min, followed by one wash of 0.1Â SSC/0.5%SDS at 68 C, for 30 min. They were then exposed to X-ray film (Kodak Biomax MS) with intensifying screens at À80 C. To allow for quantification of both high and low transcript levels, short and long exposures of the membranes were obtained. Following autoradiography, the membranes were stripped in boiling 0.5% SDS for 10 min, allowed to cool, and then stored at À20 C until required.
Array analysis
The X-ray films were scanned and the images analysed using AtlasImage software v1.01 (BD Clontech). Pairwise comparisons between filters were carried out following normalization with GAPDH and b-actin expression levels. Alterations in expression levels of 2-fold or more were identified. In addition, genes that were undefined for one filter, but were detected on the other, were also reported. (Undefined genes were those where there was either no hybridization signal, or where the level of hybridization was <150% of the background level). Initially, the expression profiles of the cells under basal conditions were compared. pCEP4 and pCN were compared and then the mutant cell lines (pC93A, pC113 or pC37) were compared separately against the pCEP4 and pCN expression profiles, resulting in a three-way pairwise analysis. Only changes that were consistent between the three pairwise comparisons were noted. (If a 2-fold difference or more was seen between the pCEP4 and pC93A, and no difference between the pCEP4 and the pCN, a 2-fold difference had to be seen between the pCN and the pC93A for the result to be counted.) This reasoning was used to ensure consistent and robust results. The expression profile following serum withdrawal was compared first against the cell line under basal culture conditions (e.g. pC93A þ serum versus pC93A 7 serum). Of those genes that showed a difference, their expression profiles under basal conditions (pC93A þ serum versus pCEP4 þ serum, pC93A þ serum versus pCN þ serum and pCEP4 þ serum versus pCN þ serum) and following oxidative stress (pC93A 7 serum versus pCEP4 7 serum, pC93A 7 serum versus pCN 7 serum and pCEP4 7 serum versus pCN À serum) were compared, to give a nine-way analysis (Table 3) . In each case, as previously, at least a 2-fold difference had to be consistent between the analyses for an alteration in gene expression to be considered robust.
Differentially expressed genes were divided into categories according to their expression patterns. Since we were primarily interested in changes due to the presence of mutant SOD1, changes where there was differential expression between the three cell lines-for example a decrease in the presence of pCN but a greater decrease in the presence of pC93A-were classed as decreased in the presence of pC93A (see Table 1 ).
Standard RT-PCR
Standard RT-PCR was carried out with each Taqman primer set prior to using SYBR green or the Taqman probes. RT-PCR reactions contained 1 ml of cDNA, 12.5 pmol of each primer (Tables 5 and 6 ) and Reddy Load PCR Mix (ABGene) to a total Taqman PCR programme of 95  C for 15 s  and 60 C for 1 min, for 50 cycles was used, following an initial denaturation step of 95 C for 10 min. For amplifying NEX1, the primers were 5 0 -ATTCTGAGGATTGGCAAGAGACCG-3 0 and 5 0 -AAGGGACCTTCAAACTGAGGGCTGGC-3 0 , and the PCR was set up as above. The PCR program used for NEX1 amplification was an initial denaturation step of 95 C for 5 min, followed by 95 C for 30 s, 66 C for 30 s and 72 C for 45 s, for 50 cycles. All PCR products were electrophoresed on 2% agarose gels.
Real-time quantitative RT-PCR
Aliquots of the original mRNA used for the cDNA array were reverse-transcribed using random hexamers and Multiscribe reverse transcriptase according to the manufacturer's instructions (Applied Biosystems). Primers were designed using Primer Express software (Applied Biosystems), where possible taking into account intron/exon boundaries to ensure specific amplification of cDNA (Table 5 ). Primers were designed to bactin as an internal control for normalization of starting cDNA levels. Quantitative PCR was carried out using SYBR Green PCR Master Mix according to the manufacturer's instructions (Applied Biosystems), with the exception that 25 ml reaction volumes were used, with 50 cycles of amplification. Each of the primer pairs was optimized to ensure amplification of the specific product and absence of primer dimers (Table 5) . PCR was carried out on the Taqman 7700 (Applied Biosystems), and following amplification, RT-PCR reactions were electrophoresed on agarose gels to check for the correctly sized product. The real-time PCR results were analysed using the sequence detection system software v1.7 (Applied Biosystems). For each primer pair, a standard curve of 4, 2, 1, 0.5 and 0.25 ml of cDNA was run alongside the samples, from which a relative level of gene expression in the samples could be calculated. These levels were normalized to those of b-actin, which were obtained in the same way as described, and then the expression levels were expressed as a percentage of that seen in pCEP4. At least three independent experiments for each of the genes were carried out. The results were analysed by one-way ANOVA followed by the Newman-Kuels post hoc test to determine their statistical significance.
Quantitative PCR using Taqman probes was used for measuring gene expression of ICAM1 and GCM1, because of the formation of non-specific products and primer dimers when using SYBR green. PCR was carried out using Taqman Universal PCR Master Mix according to the manufacturer's instructions (Applied Biosystems), with the exception that 25 ml reaction volumes were used, with 50 cycles of amplification. Primer pairs and probe concentrations were optimized (Table 6) . Experiments were performed and data analysed in the same way as in the SYBR green experiments.
